Abstract Reporter genes play important roles in transgenic research. LacZ is a widely used reporter gene that encodes Escherichia coli β-galactosidase, an enzyme that is well known for its ability to hydrolyze X-gal into a blue product. It is unknown whether transgenic LacZ has any adverse effects. R26R reporter mice, containing a LacZ reporter gene, were generated to monitor the in vivo recombination activity of various transgenic Cre recombinase via X-gal staining. P0-Cre is expressed in neural crest-derived cells, which give rise to the majority of the craniofacial bones. Herein, we report that 12% of the R26R reporter mice harboring P0-Cre had unexpected mid-facial developmental defects manifested by the asymmetrical growth of some facial bones, thus resulting in tilted mid-facial structure, shorter skull length, and malocclusion. Histological examination showed a disorganization of the frontomaxillary suture, which may at least partly explain the morphological defect in affected transgenic mice. Our data calls for the consideration of the potential in vivo adverse effects caused by transgenic β-galactosidase.
Introduction
Transgenic techniques have been widely used in scientific research. Many reporter mouse models have been generated to determine the expression pattern of endogenous genes and transgenes, to trace cell lineages, and to map cell fate (Abe and Fujimori 2013) . The Gt(ROSA)26Sor (Rosa26) locus is one of the most widely used harbors for transgene insertion because of its ubiquitous expression (Casola 2010; Chen et al. 2011) . R26R is a Cre indicator mouse line in which the endogenous Rosa26 locus was engineered with a targeting construct containing a LacZ gene downstream of a floxed STOP sequence (Soriano 1999) . Following Cre-mediated excision of this floxed sequence, β-galactosidase (β-gal) is expressed, which can be detected by X-gal staining (Araki et al. 1995) . Green Fluorescent Protein (GFP) is another commonly used reporter. It is widely recognized that GFP has cytotoxicity both in vitro and in vivo, which can potentially confound the data interpretation (Ansari et al. 2016) . It has been shown that LacZ overexpression is toxic to cortical neurons in culture (Detrait et al. 2002) . However, it is unknown whether transgenic LacZ has adverse effects on cellular homeostasis in vivo. P0-Cre is driven by the promoter of myelin protein zero (P0) gene. P0-Cre transgenic mice can be used to recombine the floxed alleles in Schwann cells (Feltri et al. 1999 ) and neural crest-derived progenitors (Yamauchi et al. 1999) . The latter is a population of pluripotent cells which can migrate and differentiate into multiple cell types such as osteoblasts and chondrocytes, which form the majority of the craniofacial bones (Minoux and Rijli 2010) . We previously reported that deletion of Tsc1 by P0-Cre increases craniofacial bone mass (Fang et al. 2015a, b) . In an effort to use R26R reporter mice to characterize the recombination activity of P0-Cre in craniofacial tissues, we surprisingly found that some R26R reporter mice harboring P0-Cre had unexpected mid-facial developmental defects in association with the disorganization of fibrous sutural structures connecting affected facial bones.
Materials and methods

Mice
The P0-Cre, Wnt1-Cre and R26R transgenic mice were described previously (Danielian et al. 1998; Giovannini et al. 2000; Soriano 1999 ). Both P0-Cre and R26R reporter mice were maintained on the C57BL/6 background. Heterozygous P0-Cre male mice (P0-Cre/+) were mated with heterozygous R26R reporter female mice (R26R/+) to generate P0-Cre/+;R26R/+mice. P0-Cre/+;R26R/R26R and R26R/R26R mice were generated by mating P0-Cre/ +;R26R/+mice with R26R/+mice. P0-Cre/+;R26R/ +and P0-Cre/+;R26R/R26R mice were designated as P0-Cre;R26R mice. R26R/+and R26R/R26R mice were designated as R26R mice (Control). Heterozygous Wnt1-Cre male mice (Wnt1-Cre/+) were mated with homozygous R26R reporter female mice (R26R/ R26R) to generate Wnt1-Cre/+;R26R/+(Wnt1-Cre; R26R) and R26R/+(Control) mice. Experimental mice were housed under a standardized condition at the University of Michigan School of Dentistry and all handling protocols were approved by IACUC at University of Michigan. Two-month-old mice were euthanized by CO 2 asphyxia and 7-day-old mice were euthanized by decapitation. To detect the engineered Rosa26 locus and Cre transgene, PCR was performed using tail DNA as described previously (He et al. 2017; Liu et al. 2004; Soriano 1999 ).
X-gal staining
Postnatal 7-day-old mouse skulls were dissected in cold PBS to separate the calvaria and the cranial base. The skulls were fixed in 2% PFA and 1% glutaraldehyde co-fixative for 15 min at room temperature and were then rinsed in PBS. The skulls were stained in X-gal staining solution (1 mg/ml X-gal, 5 mM Kferri/ Kferro, 2 mM MgCl 2 , 0.02% NP-40, 0.01% sodium deoxycholate dissolved in PBS) at 37°C overnight. The skulls were then rinsed in PBS the next morning and pictured using stereomicroscope (Leica M165 FC).
Skull morphological measurement
Skulls were measured by using Micro-CT (eXplore Locus SP, GE Healthcare Pre-Clinical Imaging, London, ON, Canada) and digital caliper (Fowler 6″/150 mm Ultra-Cal V, Sylvac SA) as previously described (Wei et al. 2017) . Micro-CT images were reoriented and reconstructed to 3D through Microview (version 2.2). A total of 19 landmarks (11 single, 4 paired, see 
Histological examination
Two-month-old mouse calvariae were decalcified in 14% EDTA at 4°C for 2 weeks and embedded in Tissue-Plus O.C.T. Compound (Fisher HealthCare) in a coronal direction. 10 μm tissue sections were obtained using cryostat (Leica CM1950) for Hematoxylin and Eosin (H&E) staining.
Statistical analysis
Student's t test was employed for the comparison between two groups and one-way ANOVA with subsequent post hoc analysis was used for multiplegroup comparisons by GraphPad Prism 7.0 (GraphPad, San Diego, CA, USA). Statistical significance was defined as p\0.05.
Results and discussion
To characterize the recombination activity of P0-Cre in craniofacial tissues, we performed X-gal staining on P0-Cre;R26R mice. Our data showed that P0-Cre had recombination activity in the neural crest-derived nasal bones, frontal bones, and adjacent sutures connecting these bones in the calvaria, as well as the pre-sphenoid bone, rostral part of basi-sphenoid bone, and intersphenoid synchondrosis between them (Fig. 2a) . In addition, X-gal staining was also positive in facial bones including the ethmoid bone, palatine 
Fig. 2 P0-Cre;R26R mice had mid-facial developmental defects. a X-gal staining of 7-day-old P0-Cre;R26R and R26R mice. The arrows and labels indicate respective bones, sutures, and synchondroses. ins internasal suture, fms frontomaxillary suture, ifs interfrontal suture, cs coronal suture, ss sagittal suture, ls lambdoidal suture. Affected 2-month-old P0-Cre;R26R mice showed b nasal tilting, c protruding at the junction between the nasal bone and the frontal bone at lateral view (arrow), and e incisor malocclusion (dashed line indicates midline of upper incisors, solid line indicates midline of lower incisors). e Body weight of affected 2-month-old P0-Cre;R26R mice (n=5) were significantly decreased compared to unaffected P0-Cre;R26R mice (n=38) and R26R mice (n=45), *p \0.05. Micro-CT images showed a tilted nasal bone (f), asymmetric growth of the palatine bone (g), maxilla (h), nasal sinus (i), perpendicular plate (j), and ethmoid bone (k) in affected P0-Cre;R26R mice. The dashed line in f indicates the angle between the axis of the nasal bone and that of skull; The arrows in g indicates the rostral point of the palatine bone in a horizontal section; the lines and arrows in h indicate the distance between the mesial point of the first molar to the premaxilla-maxilla suture in a horizontal section; the box in i indicates the nasal bone and sinus in a coronal section; the arrows in j indicate the perpendicular plate in a horizontal section; the arrows in k indicate the superior border of the ethmoid bone in a coronal section bones, maxilla, and mandible that are derived from neural crest (data not shown). In contrast, X-gal staining was negative in the mesoderm-derived parietal bones, interparietal bones, basi-occipital bones, and sphenoid-occipital synchondrosis (Fig. 2a) . Interestingly, we found 11.6% (5/43) of the P0-Cre; R26R mice showed mid-facial morphological defects, which were absent from all control mice (n =45). In affected mice, the nasal bone was tilted to one side (Fig. 2b) and formed an abnormal protrusion at the junction between the nasal bone and the frontal bone on lateral view (Fig. 2c) . The nasal bone could tilt toward either side (two mice toward left side and three mice toward right side in this study). The upper incisors tilted to one side while the lower incisors were not affected and thus caused malocclusion (Fig. 2d) . The malocclusion could lead to compromised masticatory function, which may explain a 11.3% body weight decrease in affected P0-Cre; R26R mice compared to unaffected P0-Cre;R26R mice (Fig. 2e) . Analysis on Micro-CT three-dimensional image showed that there was a 14.6°±5.5°tilt of nasal bone to the anterior-posterior axis of skull (Fig. 2f) . Furthermore, there was asymmetric growth in other bilateral facial structures, such as the palatine bone (Fig. 2g) , maxilla (Fig. 2h) , nasal sinus (Fig. 2i) , perpendicular plate, (Fig. 2j ) and ethmoid bone (Fig. 2k) . The craniofacial morphology of unaffected P0-Cre;R26R mice showed no difference compared to control mice. In this study, the five affected P0-Cre;R26R mice were from three different litters that were generated from two different breeding units. Among them, two male mice were P0-Cre;R26R/ R26R and three female mice were P0-Cre;R26R/+, which may indicate that the craniofacial defect was independent of LacZ gene dose and gender.
To further determine the effects of the mid-facial defects of affected P0-Cre;R26R mice on the craniofacial morphology, we performed linear measurements of mouse skulls in three dimensions. Our data showed a compromised mouse skull growth in the anterior-posterior dimension of affected P0-Cre;R26R mice. There was a significant decrease in nasal bone length (−17.5%), frontal bone length (−9.9%), and skull length (−10.1%) in affected P0-Cre; R26R mice compared to control mice, and a 16.4, 9.0, and 9.5% decrease in those parameters compared to unaffected P0-Cre;R26R mice (Table 1 
-①, ②, ⑤).
There was no significant difference among the three groups in the transverse or vertical dimensions of both the skull and the mandible. No difference was detected in all dimensions of craniofacial growth between control and unaffected P0-Cre;R26R mice. Since most craniofacial bones are formed via intramembranous ossification, the growth and expansion of these bones considerably rely on fibrous sutures between adjacent bones. Recent literature reported that Gli1 positive cells in the sutures form a niche of osteogenic stem cells contributing to craniofacial bone formation (Zhao et al. 2015) . In human craniosynostosis, premature fusion or dysfunction of sutures depresses the bone growth of the affected side with no effect on or compensatory overgrowth in the contralateral bone, which can consequently lead to the asymmetrical growth of craniofacial structures (Morriss-Kay and Wilkie 2005; Senarath-Yapa et al. 2012). To determine whether there was an alteration in sutures in affected P0-Cre;R26R mice, we examined the frontomaxillary suture, which is the intersection of the nasal bone, premaxilla, and frontal bone (Fig. 3) . Both Micro-CT (Fig. 3a) and histological examination (Fig. 3b, c) showed that the frontomaxillary sutures were well-arranged in control mice. However, in affected P0-Cre;R26R mice, the frontomaxillary suture was irregular on both sides. Ectopic bone formation was observed in some areas, which was more evident on the side that the nasal bone tilted toward. The disorganization of the sutural area may subsequently disturb the growth of adjacent bones and result in mid-facial defects in affected mice.
To determine whether the observed craniofacial abnormality in P0-Cre;R26R mice was caused by the P0-Cre transgene itself, we analyzed the P0-Cre/+ mice (n=22) and did not find any abnormality. In addition, we did not find the nasal bone tilting in more than 100 other transgenic mice harboring P0-Cre including the conditional knockout mice of Tsc1 (Fang et al. 2015a ), Fip200 (unpublished), and Fak (unpublished). Thus, we conclude that the craniofacial abnormality in affected P0-Cre;R26R mice is caused by the expression of the LacZ gene in P0-Cre targeted cells. Furthermore, to determine whether the observed craniofacial defects were specific to P0-Cre; R26R mice, we analyzed Wnt1-Cre;R26R mice. Wnt1-Cre is another transgenic Cre which also targets neural crest-derived cells (Danielian et al. 1998; Jiang et al. 2002) . However, there are significant differences in the Cre distribution patterns between P0-Cre and Wnt1-Cre (Chen et al. 2017 ).
Similar to control mice (n=19), Wnt1-Cre;R26R (n= 20) mice showed no abnormality in craniofacial morphology (Fig. 4a, b) , which indicated that the mid-facial defect in P0-Cre;R26R mice might be due to the expression of the LacZ gene in neural crestderived cells that are specifically targeted by P0-Cre but not Wnt1-Cre. Notably, Wnt1-Cre;R26R mice had lower body weight compared to control mice (Fig. 4c) but unaffected P0-Cre;R26R mice had no body weight decrease (Fig. 2e) . This further indicated the difference between Wnt1-Cre and P0-Cre. It is known that Cre-recombinase itself has toxicity and Fig. 3 Structural disorganization of the frontomaxillary suture in affected 2-month-old P0-Cre;R26R mice. a Micro-CT images of the nasal bone and frontomaxillary suture in a coronal section. Arrows point to the well-organized suture at both sides in control mice; dashed arrow points to the disorganized sutural structure and arrow head point to the ectopic bone formation in the suture area in affected P0-Cre; R26R mice. b-c Histological images of the nasal bone and frontomaxillary suture in a coronal section in control (b) and affected P0-Cre;R26R mice (c). L indicates left side and R indicates right side could have adverse effects on multiple organs (Janbandhu et al. 2014; Lexow et al. 2013; Wang et al. 2015) . Although our data showed that P0-Cre recombinase alone did not cause any obvious defects, the mid-facial defects in P0-Cre;R26R mice could be theoretically due to the combinatory effect of both Cre and LacZ.
In our study, only 12% P0-Cre;R26R mice had mid-facial defects. By X-gal staining, we observed that the P0-Cre mice had very variable degrees of Cre expression patterns in the craniofacial region. Only small percentage of P0-Cre;R26R mice showed extensive X-gal staining pattern at one-week-old (data not shown). Thus, we suspect that the affected P0-Cre;R26R mice had more P0-Cre positive cells, and thus had more LacZ-expressing cells. Alternatively, there may be an underlying genetic predisposition in the affected mice.
Conclusions
We have identified a mid-facial developmental defect caused by the expression of the widely used LacZ reporter gene. Although the underlying mechanism of the effect of LacZ expression in P0-Cre targeted tissue on craniofacial morphology is unknown, our data clearly demonstrated an in vivo abnormality caused by transgenic LacZ, which calls for attention to the potential adverse effects caused by this widely used transgenic reporter gene. When the LacZ reporter gene is used, data should be interpreted with careful consideration of the potential adverse effect caused by exogenous β-galactosidase.
